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Introduction
Dopamine neurons are present in many regions in the central nervous system with the largest population in the midbrain, and they play important roles in motor function, emotional behavior, natural motivation and reward (Bjorklund and Dunnett, 2007) . Midbrain dopamine neuron degeneration is a pathological hallmark of Parkinson's disease (PD) (Le et al., 2009) . Thus, an in-depth examination of the molecular pathways underlying dopamine neuron development is crucial for understanding the pathogenesis of PD and for testing the potential of stem cell therapy for this disease. Embryonic stem cells (ES cells) are pluripotent cells, which can be induced to differentiate into all cell types of an organism, and have the potential to be used in cell replacement therapy (Roy et al., 2006) . ES cell differentiation in vitro provides a powerful research tool for the genetic profile underlying dopamine neuron development and cell biology. In recent years, several laboratories have investigated the mechanism of differentiation of ES cells to dopamine neurons and have identified a few regulatory factors that influence the emergence of dopamine neurons during ES cell differentiation (Prakash and Wurst, 2006) . However, the molecular mechanisms underlying the dopamine neuron differentiation process are still largely unknown. Furthermore, emerging evidence shows that noncoding RNAs, including microRNAs (miRNAs), which form part of the post-transcriptional machinery, have an important role in modulating mRNA decay and translation rates in eukaryotes (Lim et al., 2003) . The combination of these diverse regulatory processes on protein expression and activity allows for a wide range of cellular responses to changes in the local environment.
miRNAs are a class of small, noncoding RNAs of 21-23 nucleotides that regulate gene expression at the post-transcriptional level by binding to the mRNA of protein coding genes (Du and Zamore, 2007) . Specifically, the ''seed'' region of a miRNA (centered on nucleotides 2-7) binds to the 3' untranslated region (UTR) or the open reading frame (ORF) of target mRNAs via Watson-Crick complementary base pairing (Yekta et al., 2004) . Subsequently, these target mRNAs are most commonly repressed by Argonaute-catalyzed cleavage and/or destabilization. miRNAs play important roles in many cellular processes, including stem cell differentiation, maintenance, and neural lineage specification (Hatfield et al., 2005; Houbaviy et al., 2003; Judson et al., 2009) . However, only few laboratories have investigated the specific miRNAs expression in ES cell differentiated dopamine neurons (Kim et al., 2007; Leucht et al., 2008) . This information is critical because miRNAs could be Journal of Cell Science Accepted manuscript 4 potential key regulators of dopamine neuron differentiation (Hebert and De Strooper, 2007; Leucht et al., 2008) . In fact, miRNA deficient mice, such as Dicer deletions, display significant impairment in dopamine neuron differentiation, oligodendrocyte differentiation and myelin formation (Hebert and De Strooper, 2007; Kawase-Koga et al., 2009; Leucht et al., 2008; Shin et al., 2009 ).
To identify novel miRNAs specifically expressed in dopamine neurons and determine their roles in neuronal differentiation, we stably transfected mouse ES cell line CGR8 with the TH-promoter-GFP reporter, and purified TH-positive cells from the stably transfected ES cells using a fluorescence-activated cell sorter (FACS). We then examined the miRNA profiles of the FACS sorting purified TH-positive cells, the TH-negative cells and neural progenitors using an ABI TaqMan probe. The miRNAs with the largest changes in expression levels in the differentiated TH-positive cells as compared with TH-negative cells and neuronal progenitor cells were selected, and among them we identified miR-132 as a novel regulator in dopamine neuron differentiation. Using bioinformatics and molecular biological analysis, we demonstrated that miR-132 can directly regulate the expression of Nurr1 which is one of the most important transcription factors in determining dopamine neuron development and differentiation (Jankovic et al., 2005; Saucedo-Cardenas et al., 1998) . Furthermore, we documented the interaction among Nurr1, BDNF and miR-132 in the differentiating dopamine neurons.
Results

Derivation of dopamine neurons from mouse ES cells stably transfected with TH-GFP reporter
To better obtain stably differentiated dopamine neurons from ES cells, we modified the SDIA method by plating the ES cell-derived EB on PA6 cells. Using our modified SDIA method we found that almost all the clones showed TH-positive dopamine neurons after 14 days of differentiation ( Fig. 
1A-D).
For the selection of ES cells stably integrating the TH-GFP sequence, we used two steps to identify clones expressing both TH and GFP. First, after transiently transfecting the plasmids into CGR8 cells and culturing for 14 days with G418, we selected 50 G418 resistant clones for analysis of GFP integration by genomic DNA PCR. Of the 50 clones selected, 31 clones integrated GFP, and of these, we selected the 10 clones with the highest GFP integrated. We then expanded these 10 clones and Journal of Cell Science Accepted manuscript 5 differentiated them into dopamine neurons by co-culturing them with PA6 cells for 13 days. Using immunocytochemistry and GFP fluorescence, we selected clone No.48 which had the highest level of GFP/TH co-expression (Fig. 2) for further study.
miRNA profiles of GFP-positive cells, GFP-negative cells and neural progenitor cells FACS analysis was employed to further characterize clone No.48. Following in vitro differentiation after 13 days, the clone No.48 cells were FACS sorted, and more than 90% of the sorted cells were GFP-positive cells (Fig. 3A) that survived the dissociation and FACS procedures. FACS analysis showed that the dopamine neuron differentiation from clone No.48 contained a significantly higher number of GFP-positive cells [4.1% ± 0.4% (n = 3)].
To confirm the gene expression of dopamine-related markers in the GFP-positive dopamine neurons, GFP-negative cells and neural progenitor cells, we extracted total RNAs from these cells and analyzed the mRNA expression using real-time PCR. Fig. 3B showed that the TH gene expression was dramatically up-regulated in the GFP-positive cells, confirming that TH is co-expressed with GFP. In addition to TH expression, the other important dopamine-related genes, including Nurr1, Pitx3, BDNF, and GDNF, were all significantly up-regulated in GFP-positive cells by approximately 14, 4, 14 and 4 fold increase, respectively ( Fig. 3C-F) . The protein epression of Nurr1 was also showed the same level as the mRNA expression of Nurr1 (Fig. S5) . We then detected the expression of nestin, the marker of neural stem cells, which was highly expressed in neural progenitor cells (Fig. S3) . We also replated the sorted GFP-positive cells into cell culture flasks and observed the GFP expression using fluorescent microscopy, showing that more than 90% cells were GFP-positive (Fig. 3A) .
Using the TaqMan Low Density Assay v2.0 (Applied Biosystems), we assayed the miRNA expression profiles of the FACS sorted GFP-positive cells, GFP-negative cells and neural progenitor cells. Of the 585 mouse miRNAs, 45 miRNAs showed a significant change in expression levels over 5 fold when the GFP-positive cells compared with GFP-negative cells and/or neural progenitor cells.
Among the 45 miRNAs, 17 miRNAs including miR-132 were reported to be expressed in the central nervous system (Chen et al., 2010; Junn et al., 2009; Kim et al., 2007; Leucht et al., 2008; Schratt et al., 2006; Sempere et al., 2004; Shioya et al., 2010; Smrt et al., 2010; Zhao et al., 2010a) and they have been known to function in neural proliferation, differentiation or protection (Table 1) . We then validated the change of miR-132 expression by real-time PCR amplification and found that the Journal of Cell Science Accepted manuscript 6 miR-132 expression in TH-positive cells was around 10 and 5 fold greater than GFP-negative cells and neural progenitor cells, respectively, which was consistent with the result of miRNA expression profiles by the TaqMan Low Density Assay (Fig. 4A ). In addition, using the standard curve based on the chemical synthesis of miR-132 (Fig. S1 ), we measured the absolute levels of the mature miR-132 in GFP-positive cells, GFP-negative cells and neural progenitor cells, which were 0.13 fmol, 0.034 fmol and 0.023 fmol per 2 μ g total RNA, respectively. Therefore, the absolute levels of miR-132 in GFP-positive cells increased above 5 fold than neural progenitor cells. We then selected miR-132 for further investigation.
Examination of the roles of miR-132 in dopamine neuron differentiation
To identify the function of miR-132 in dopamine neuron differentiation, we transiently transfected miR-132 mimics into the TH-GFP expressing ES cells at the 5 th day of differentiation. After 3 days transfection, we found that miR-132 mimics suppressed dopamine neuron differentiation, as compared with control mimics (Fig. 4C, Fig. S4B ). The number of dopamine neurons in the miR-132 transfected cells was also significantly lower than control cells even after 14 days of differentiation.
We then transfected synthesized miR-132-ASO to further verify the effect of down-regulation of endogenous miR-132 on the differentiation of dopamine neurons. To further determine the effect of miR-132 on the differentiation of dopamine neurons, we cloned the miR-132 precursor into pPyCAGIP and made stably transfected ES cells. By RT-PCR, we identified three clones that highly expressed miR-132 (Fig. 5A ). We then induced differentiation of these three clones into dopamine neurons by co-culturing them with PA6 cells and detected the GFP fluorescence under a fluorescent microscope after 9 and 10 days of differentiation. As shown in Fig. 5B (Fig. 5C, Fig. S4C ). In addition, we transiently transfected miR-132-ASO into miR-132 expressing cells after 6 days differentiation. We found that application of miR-132-ASO could significantly rescue the TH expression in miR-132 cells compared with negative control (Fig.   5C , Fig. S4C ).
miR-132 directly down-regulates Nurr1 protein expression
To determine the mechanism of miR-132 on the differentiation of dopamine neurons, we predicted for the potential targets of miR-132 through bioinformatics search. Notably, the bioinformatics search identified Nurr1, the key transcription factor in dopamine neuron development, as a potential target of miR-132, and we found that the binding site of Nurr1 was conserved in several species ( 
Discussion
The conditional knockout of Dicer has shown that miRNAs play essential roles in dopamine neuron differentiation (Kim et al., 2007) . Several studies have found the negative feedback circuit of miR-133b and Pitx3, a critical transcription factor in dopamine neuron development (Hebert and De Strooper, 2007) . Furthermore, data from these studies have also suggested that other miRNAs, in addition to miR-133b, may have a function in dopamine neuron differentiation but little is known about them (Hebert and De Strooper, 2007; Kawase-Koga et al., 2009) . To document the novel miRNAs in dopamine neuron differentiation, we constructed a TH-promoter derived reporter system to establish purified dopamine neurons differentiated from ES cells and obtain its miRNA profile. To
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The overlay of TH staining and GFP fluorescence showed that about 70% of the GFP-positive cells are TH-expressing dopamine neurons, which is consistent with previous studies (Hedlund et al., 2007; Yoshizaki et al., 2004) . The 9-kb fragment of the rat TH promoter, including intron sequences and polyA tail, could efficiently drive GFP expression in dopamine neuron differentiated from ES cells.
The lack of complete overlap of TH and GFP expression could be attributed to the size of the promoter fragment or the different half-lives of TH and GFP (Hedlund et al., 2007) . However, the gene expression analysis of different dopamine markers, in conjunction with previous studies,
indicates that the vast majority of sorted cells are of the dopamine lineage (Yoshizaki et al., 2004; Hedlund et al., 2007) .
The relative miRNAs expression profiles of GFP-positive, GFP-negative and neural progenitor cells during differentiation process by TaqMan Low Density Assay then confirmed by real-time PCR in our study documented that several miRNAs, including miR-133b, miR-9 and miR-7, have been reported to play a role in central neural system, dopamine neuron development and differentiation, and possibly linked to PD (Junn et al., 2009; Kim et al., 2007; Leucht et al., 2008) . These results suggest that using purified dopamine neurons is of great value in helping search for new miRNAs attributing to dopamine neuron differentiation. We selected miR-132 for further study based on the bioinformatics prediction, showing Nurr1, a crucial transcription factor for midbrain dopamine neuron development and differentiation (Kim et al., 2002 (Kim et al., & 2006 Luo et al., 2008) , is a potential target of miR-132. miR-132 is critical for BDNF-stimulated dendritic outgrowth (Wayman et al., 2008) .
Further characterization of miR-132 has revealed that it can be induced by BDNF and it is able to modulate dendritic morphology via suppression of p250GTPase-activating protein (p250GAP) (Edbauer et al., 2010; Magill et al., 2010; Nudelman et al., 2010; Wayman et al., 2008) . Additionally, it has been shown that miR-132 can regulate the expression of the methyl-CpG-binding protein In conclusion, we report here the miRNA profiles of purified dopamine neurons based on the TH-promoter derived GFP reporter system, and we provide the first evidence that miR-132 is an important molecule that negatively regulates dopamine neuron differentiation in ES cells by directly suppressing Nurr1 expression. This finding will greatly enhance our understanding of the molecular mechanisms involved in dopamine neuron differentiation and shed new light on the generation of ES cells to be used in cell replacement therapy for PD and other dopamine neuron degeneration related neurological diseases.
Materials and Methods
Cell culture, transfection and differentiation
All cell culture reagents and culture plastics were obtained from Gibco (Rockville, MD, USA) and BD Biosciences (San Diego, CA, USA), respectively, unless otherwise specified.
The mouse feeder-independent ES cell line (CGR8, early passages 19-30) was obtained from Prof. For stable transfection of a miR-132 expressing plasmid, the vector was transiently transfected with Lipofectamine 2000 for 24 hr and then selected using 1.5 μ g/mL puromycin (Roche, Switzerland) for 2 weeks. The single clones were picked and cultured for confirmation and further experiments.
R1 mouse ES cells were cultured on mitomycin C-treated mouse embryonic fibroblasts in
Dulbecco's modified Eagle's medium supplemented with 15% FBS, 2 mm L-glutamine, 0.1 mm Journal of Cell Science Accepted manuscript 12 nonessential amino acids, 100 units/ml penicillin/streptomycin, 55 μ m β -mercaptoethanol, and LIF.
The five-step method for dopamine neurons differentiation was performed according to the previous study (Lee, et al., 2000) . The method for transient transfection in R1 cells was same as CGR8 cells which were performed in the third day when neural prognitor cells began amplification in the presence of bFGF (R&D System, Minneapolis, MN, USA). 50 ng/mL BDNF (R&D System) was added into the medium of differentiated cells which was on the 4 th day for differentiation by withdrawal bFGF.
PA6 is a stromal cell line derived from newborn mouse calvariae. PA6 cells were purchased from Riken (Tsukuba, Japan) and maintained in PA6 culture medium [α-MEM supplemented with 50 U/mL penicillin and 50 μ g/mL streptomycin (PEST) and 10% FBS (Hyclone, Logan, Utah, USA)].
SK-N-SH is a neuroblastoma cell line, which was purchased from the Cell Bank of the Chinese
Academy of Science; cells were routinely cultured in Dulbecco's Modified Eagle's medium (DMEM)
supplemented with 10% FBS (Hyclone) and PEST at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . When the cells reached 80-90% confluence, they were subdivided into 24-well plates with The luciferase reporter vector containing the wild type sequence and the miR-132 binding site was amplified by the primer set 5' GCGGAATTCCGACATTTCTGCCTTCTCC 3', 5' GGACTGCAGAGTTTGTCAATTATTGCTGGTG 3', using mouse midbrain cDNA as template.
The PCR fragment was cloned into the EcoR I and Pst I sites (Takara) in the pGL3 luciferase vector (Promega, Madison, WI, USA). The mutant sequence had 2 mutations in the "seed" sequence of the miR-132 binding site, which is indicated in Fig. 6A . We designed the primers 5' CTACCTGTCTAAAGTGTAGGGGAAGCTGCCA 3' and 5' TGGCAGCTTCCCCTACACTTTAGACAGGTAG 3' and amplified the pGL3-miR-132 plasmid.
Following overnight digestion with Dpn I (Fermentas), the PCR products were transformed into E.
coli DH10B.
All constructs were confirmed by DNA sequence using ABI 3730xl DNA Analyzers (Applied Biosystems, Foster City, CA, USA).
Lentivirus Preparation
A mouse genomic DNA fragment comprising miR-132 was amplified by PCR using the following Based on GFP/TH overlap following differentiation for 13 days on PA6, the clone that had the most efficient overlap was selected for expansion.
Cells were differentiated for 13-14 days, harvested using 0.05% Trypsin/EDTA, gently dissociated into a single-cell suspension, and resuspended in a Mg2+, Ca2+-free phosphate buffered Saline (PBS) solution containing PEST and 2% FBS. For semiquantitative RT-PCR, PCR reactions were carried out with 1× reaction buffer, 0.8 μ M of each primer, and 2.5 units of Taq DNA polymerase (Fermentas, Lithuania). Samples were amplified in a Thermocycler (Bio-Rad, Hercules, CA, USA) under the following conditions: denaturing step at 95°C for 40 seconds; annealing step at 56-60°C for 30 sec; and amplification step at 72°C for 1 min for 26 to 39 cycles. cDNA templates were normalized based on the actin-specific signal, and PCR cycling was adjusted so that each primer set amplified its corresponding gene product at its detection threshold, to avoid saturation effects.
We performed real-time PCR to quantify expression levels. PCR amplification was performed in a mixture of 1 × real-time PCR Master mix and 0.8 μ M of each primer in a final volume of 50 μ L.
Thermocycling was conducted with an Opticon DNA Engine (Bio-Rad). Ct values were determined using the Opticon Monitor 2 software and a manual fluorescence threshold for all runs, and data were exported into an Excel workbook for analysis.
The PCR reactions consisted of 45 cycles using the following temperature profile: 95°C for 30 sec, 56-60°C for 30 sec, 72°C for 30 sec, and 79°C for 5 sec. The purity of each PCR product (defined as the presence of a single, specific band) was confirmed by gel electrophoresis. A standard curve was constructed using β -actin and plasmid DNA (from 10 2 to 10 7 molecules). The fluorescent signals from specific PCR products were normalized against that of the β -actin gene, and then relative values were calculated by setting the normalized value as one for each gene. Two independent samples were analyzed for each gene, and all reactions were repeated more than twice.
For the real-time PCR measurement of mature miR-132 expression in GFP-positive cells, we used the commercial reverse transcription and PCR primer kit (RiboBio, Guangzhou, China). First, we established the standard curve of miR-132 using synthesized miR-132. As shown in Fig. S1 , the standard curve of 10000 in X axis represented 1 fmol. Then we measured the CT value of GFP-positive cells, primary ventral mesencephalon (VM) cultures, GFP-negative cells and neural progenitor cells by real-time PCR, and calculated the absolute levels of miR-132 according to the standard curve.
miRNA profiles based on the ABI qPCR system
Total RNA was isolated using Trizol reagent (Invitrogen). RNA quality was assessed with an Agilent 2100 bioanalyzer (Agilent, Palo Alto, CA, USA), and only samples with RNA integrity number greater than eight were used. For the miRNA expression analysis, TaqMan Low Density Assay v2.0 (Applied Biosystems) was used to detect up to 585 mouse miRNAs on an Applied Biosystems real-time instrument, according to the manufacturer's protocol. Normalization was performed with snoRNA202 and snoRNA429 as endogenous controls. Relative expression was calculated with the comparative cycle threshold method.
Dual luciferase reporter assay
The wild type and mutant sequences, containing miR-132 binding sites, were amplified and cloned into the 3' UTR region of the luciferase gene in the pGL3 luciferase vector (Promega), according to methods described previously. The obtained construct was co-transfected with PRLSV40 and miR-132 mimics or NC mimics (Genepharma) into HEK293T and SK-N-SH cells, as previously described. After 48 hr, luciferase activity was determined as the average of three independent assays using the Dual-Luciferase Reporter system (Promega), according to the manufacturer's instructions.
Western blot
Cells were harvested at different time points according to the experimental treatments and lysed for 20
Journal of Cell Science Accepted manuscript 17 min in freshly prepared ice-cold RIPA lysis buffer (50 mM Tris-HCl, pH 7.4; NaCl 150 mM; 1% NP40; 0.25% sodium deoxycholate; 1 mM EDTA; 1 mM Na 2 VO 4 ; 1 mM NaF; 1 mM Phenylmethylsulfonyl fluoride (PMSF); aprotinin and leupeptin 5 mg/mL each). Lysates were then centrifuged for 20 min at 13,000 × rpm at 4°C. After protein concentrations were measured using the Bradford method, 40 μ g of protein from each sample was loaded onto a 12% polyacrylamide gel, transferred to a polyvinylidene difluoride membrane, blocked for 1 h in 5% non-fat milk, and and mouse anti-Nestin (1:800, Chemicon). After being rinsed three more times in PBS, cells were incubated with Cy3-conjugated anti-rabbit antibody (1:800) and Cy2-conjugated anti-mouse antibody
(1:400, The Jackson Laboratory, Bar Harbor, ME, USA) for 2 hr at room temperature. After being rinsed for 3 × 10 min in PBS, cells were incubated with Hoechst for 20 min and examined under a fluorescent or confocal microscope.
TH, GFP and MAP2 positive cells were counted in a blind way by an unrelated investigator to count 5 random optical fields per coverslip. Experiments were performed on two independent cell cultures and differentiation.
Statistical analysis
All values were shown as means ± SEM. Data analysis was performed using one-way ANOVA followed by post hoc LSD multiple comparisons or Independent-Samples T Test with the SPSS 13.0
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18 program (SPSS). A p-value of <0.05 was considered significant. showed differentiation under higher cell density, while TH-GFP48-2 showed lower cell density for dopamine neuron differentiation. All experiments for differentiation were repeated two times. Scale bar = 100 μm. 
Figure Legends
